In this paper, a novel isotropic conductive adhesive containing different fillers, which shows better properties at high temperature compared with traditional ones, was developed and the properties of various fillers were investigated. Silver flakes as the main filler and secondary materials such as silver nanoparticles, carbon nanotubes (CNT) with different volume ratios are combined to form bi-modal or tri-modal systems for electrical or thermal conduction. The curing behavior of the adhesive was investigated by Differential Scanning Calorimeter (DSC). The properties such as glass transition temperature (Tg), storage modulus were detected by Dynamic Mechanical Analyzer (DMA). Thermogravimetric Analysis (TGA) was used to determine the decomposition behavior. The distribution of the carbon nanotubes used in the adhesive was also characterized by SEM. The glass transition temperature of the formulated adhesives is above 200℃. The in-plane bulk electrical resistivity (lower than 5.2*10 -5 Ω*cm)as well as the shear strength (up to 15 MPa) of the adhesives with different volume percentages of various fillers were also obtained.
Introduction
As an environment friendly replacement of solders, the isotropic conductive adhesives are used more and more in the electronic packaging field. It has many advantages comparing with traditional solders, such as low processing temperatures and less environment contamination and so on [1] [2] . With the development of the microelectronic systems involving more and more functionality and complexity, the heat produced by microelectronic components is much more difficult to dissipate.
Therefore isotropic conductive adhesives used should be applicable under high temperature. This means that the glass transition temperature (Tg) must be as high as possible. Therefore new kinds of isotropic conductive adhesive must be developed. Usually, polymer-based isotropic conductive adhesives are mainly composed of epoxy resin, curing agent and conductive fillers. The polymer resin provides mechanical interconnection and the conductive filler provides electrical conductivity [3] . Generally speaking, the fillers include silver flakes and other conductive particles, such as carbon nanotubes and silver nanoparticles. Epoxy resin contains a series of polymer resins with different properties, which basically determines the application temperature range of adhesives. We have developed a modified epoxy based resin system to elevate the glass transition temperature and enhance simultaneously the mechanical properties of the system.
Experiment 2.1 Preparation of Adhesives
The ICAs used in the paper are prepared by a modified epoxy matrix named AF2, silver flakes and silver spherical nanoparticles for bi-modal, as well as Multi-Wall Carbon NanoTubes (MWCNT) for tri-modal adhesives. Silver flakes, of which the size is ranging from 3μm to 10μm and the silver nano particles ranging from 500nm to 1000 nm are used. The MWCNT are with the outer diameter of 20-40 nm and with a length of 5-20μm.
To improve the dispersity of CNT in the epoxy matrix, the CNTs are chemically treated in 98% sulfuric acid and 65% nitric acid (volumetric ratio 3:1) solution at 50℃ for 16 hours with ultrasonic vibration. Then CNTs are washed by de-ionized water until the PH value becomes 7 and dried in the oven at 50~70℃. And the influence of strong acid treatment is observed by SEM, and the SEM samples are prepared by mixing 2% volume ratio of non-treated and treated CNT into the matrix AF2 and cured at 150 ℃ for 30 minutes in the oven [4] . Then small pieces of as-cured adhesives are taken and gold sputtered for the following SEM observation.
The bimodal adhesives are prepared by first mixing manually silver nanoparticles of 1%-5% (volume) into the matrix AF2 following by adding a specific volume ratio of silver flakes, keeping the volume ratio of fillers as 39.238% as constant. When preparing the tri-modal samples, the volume ratio of silver nanoparticles is kept as 1 vol % and that of treated CNTs are 0.1 vol %, 0.3 vol % and 0.5 vol % respectively, both of which are mixed into the matrix firstly and then silver flakes are introduced to keep the volume ratio of fillers as 39.238%. All the samples are stored under -20 ℃. Table 1 shows the different ratios of fillers in detail. 
DSC Measurement
The Differential Scanning Calorimetry (DSC， Perkin Elmer Pyris 1) is used to characterize the curing behaviors of the isotropic conductive adhesives. Dynamic scanning is utilized on samples of appropriate weight, usually heating from 50°C to 300°C with the heating rate of 5°C /min. The samples are placed in hermetic aluminum DSC pans and scanned in a nitrogen purge gas (20ml/min) atmosphere. A series of samples of bimodal conductive adhesives with different volume ratios of silver nanoparticles are prepared and compared.
DMA Characterization
DMA (Perkin Elmer DMA 7e), which stands for dynamic mechanical analyzer, characterizes the storage modulus, loss modulus and tangent α of the adhesives and also shows the behavior of glass transition. A 3-point bending measuring system is utilized with heating rate 5 /min, ℃ temperature ranging from 30 to 300 under force frequency ℃ of 1Hz.
The free standing samples of adhesives are prepared by curing for 30 minutes at 150 ℃ in the oven. Firstly, the PTFE tape is attached onto the glass plate to make a rectangle duct-like mold with 3mm width and 0.7mm thickness. Then five different adhesives are printed manually to ensure the flatness of the samples. After curing and cooling down to the room temperature in the oven, these adhesives are detached from the PTFE tape.
TGA Measurement
The decomposition behavior of bimodal ICAs is characterized by the Thermogravimetic Analysis (TGA, Perkin Elmer Pyris 1). Several samples (cured at 150℃ for 30 minutes) with around 5mg weight are prepared and compared with temperature scanning from 50℃ to 900℃ at the heating rate of 20℃/min.
Bulk Resistivity Measurement
In order to indicate the relationship between the electrical resistivity and the loading of fillers, especially the effects of secondary nano-fillers in the adhesives, the in-plane bulk resistivity is measured by the 4-probe method. The as-prepared adhesives are printed manually onto the glass substrates with a stripe in-between two tapes onto the glass to make samples of 50mm length, 3mm width and 0.05mm thickness. Then, all the samples are cured at 150℃ for 30 minutes in the oven and kept cooling down to room temperature. According to the 4-probe method, the constant current of 0.2 A is applied to the samples by DC Power Supply (Velleman PS 613), and the voltage between the end points of 40mm long of samples is measured by a multimeter (FLUKE 79 Ⅲ TRUE RMS) [5] . The measuring procedure is shown in Figure 1 . The length l, the width w and the thickness h of the tested stripe of adhesives are all measured again after cured and cooled due to the possible change of dimension during curing. Thus, the in-plane resistivity ρcan be calculated by the formula 
Lap shear strength Measurement
Compared with traditional Sn-Pb solders, the big shortcoming of adhesives is lower shear strength, which is affected by many factors such as epoxy matrix, metallization of pads, loading of fillers, curing conditions and even the height of the joint [6~7]. In this paper, the lap shear strength of bimodal adhesives is tested by using the Instron 5548 Microtester. A shear rate of 10 -3 /s is used for all the shear tests. Copper metallization pads of the 2mm diameter on the FR4 substrate (16 mm wide, 50 mm long and 1.6 mm thick) was used in order to mimic the practical application. All the samples are cured at 150℃ for 30 minutes in the oven. Figure  2 suggests the testing structure in detail. Figure 2 Schematic structure for lap shear test the black dot in the above is a pad on the FR4 substrate and in the below, the dot suggests the adhesive joint
Results and Discussion

SEM and dispersity of CNTs
The strong acid treatment used in this work is the most commonly used method to modify the surface of CNTs. It is believed that after treatment in the sulfuric and nitric acid solution for 16 hours at 50℃, the -OH and -COOH groups are introduced onto the outer walls [4] , which can strengthen the dispersity of CNT in epoxy matrix. As shown in Figure 3 , two typical SEM pictures are selected among some randomly taken pictures to indicate the improvement of dispersity of CNTs in the matrix. In picture (b), the carbon tubes, which are the white slimlines, are more uniformly distributed in the matrix. 
Behavior of curing and decomposition
From the curve of the DSC information such as the onset temperature and the peak temperature of curing can be gathered and the processing conditions can be decided. In Figure 4 , it can be seen that all the samples of AgF201~AgF205 start to polymerize around 130~135 , ℃ reach the peaks at about 150 and almost complete after ℃ 170 , which suggests that the processing temperature can ℃ range from 130 to 180 with differe ℃ ℃ nt curing times. Though there are slight shift among curves of five samples which accounts more for operation and machine, the difference of fraction of silver nanoparticles has no apparent influence on the curing behavior, which dominantly depends on the composition of the epoxy matrix. In Figure 5 , the decomposition behavior of five samples is shown by TGA curves. All of them start to lose their weight quickly above 350 which indicates the ℃ decomposition temperature of the polymers in the cured adhesives is around 350 . ℃
Thermo-dynamic properties
In Figure 7 , the DMA result of AgF206 with only silver flakes inside is shown. The storage modulus is decreasing gradually during temperature scanning from 50℃ to 300℃ with heating rate 5℃/min. During 190~230℃, the tan δ starts to increase sharply after a plateau, which indicates that the glass transition is around 200℃. Also, there is a relatively abrupt decease of the storage modulus around 160℃ probably since the defects in the cured adhesives like imperfect cross-linking cause the local molecular blocks to move.
In Figure 8 , the storage modulus, loss modulus and tan δ of the samples AgF201~AgF205 are shown respectively. There is a turning point in all the storage modulus of the five samples around 250℃ and the curves of storage modulus of AgF203 and AgF204 are almost overlapping though different ratio of silver nanoparticles. All the curves of loss modulus and tanδ show similar tendency as AgF206 in Figure 8 . Therefore, the behavior of the five samples shows little difference independent on the composition of the silver flakes and the nano particles, which suggests that the ratio of fillers do not influence the thermo-dynamic properties of adhesives such as the glass transition temperature. Figure 9 shows the resistivity of five bimodal adhesives (AgF201~AgF205) and three tri-modal adhesives (3F201~3F203) as well as one reference adhesive (AgF206) with only silver flakes inside. Compared with the reference, both bimodal and trimodal samples show lower resistivity, and also all three trimodal samples posses lower resistivity than AgF201, in which there is the same amount of silver nanoparticles as trimodal samples. It is known that ICAs become conductive during curing due to the shrinkage of epoxy matrix. However, micro-size fillers are always difficult to form perfect contact which means that there are many gaps between flakes, underperforming the conductance of adhesives. If appropriate amount of nano-size particles are introduced and mixed uniformly, it is believed that these smaller particles can fill into the gaps in-between flakes, which helps decrease the contact resistance between flakes [8] . However, as mentioned above, nanoparticles are not expected to disperse uniformly in the matrix due to large surface area, which increases the viscosity when mixing. Referring to the sample AgF205 with 5% nano-size silver, the resistivity turns to increase, probably because the increased viscosity inhibits the uniform distribution of nanoparticles.
In-plane resistivity
As to the three trimodal samples, compared with the sample AgF201 with the same amount of nano-size silver, a small amount of CNTs (0.1~0.5 vol%) can decrease the resistivity as low as to 3*10 -5 Ω*cm with lower viscosity of all samples. 
Lap shear strength
As indicated in Figure 10 , there is a tendency that the shear strength decreases with the amount of silver nanoparticles. The most robust joints shown in the figure is made of AgF201 with the lowest ratio of silver nano-particles added with a value of about 15 MPa. And it is observed that most of the samples are broken in an interfacial mode with relatively low shear rate 10-3/s. Maybe the nanoparticles can deteriorate the adhesion between the copper metallization pads when keeping the total loading of fillers the same. However, a more comparably experiment, which can rule out the other factors such as applied pressure and joint height, should be designed to examine the tendency and relationship more accurately.
Conclusion and Future work
In this paper, high temperature stable isotropic conductive adhesives are designed, and the properties of the conductive adhesives, both bimodal and trimodal, are also studied. The glass transition temperature of the adhesives are around 200~230 ℃, independent of the fraction of nano-size fillers. The nano-size fillers, silver nanoparticles and treated CNTs strengthen the electrical conductance of the adhesives, bringing the resistivity as low as 3*10 -5 Ω*cm. Strong acid treatment enhances the uniform distribution of CNTs in the matrix, however proper surfactants are needed to be developed in order to increase the amount of added CNTs with low viscosity. More comparable and accurate approach should be designed to confirm the measurement and comparison of shear strength of different adhesives.
